Since it was first demonstrated that cyclic AMP may have an intermediary role in ACTH*-mediated steroidogenesis (Graham-Smith et al., 1967), numerous reports have appeared extending this observation (for review see -Schulster & Schwyzer, 1980). Recently, however, several lines of evidence have led authors to question the conclusion that the ACTHmediated increase in cyclic AMP production is an intrinsic step in the steroidogenic mechanism. Such evidence includes kinetic data on steroidogenesis and cyclic AMP accumulation in response to ACTH (Hudson & McMartin, 1975) and cholera toxin (Palfreyman & Schulster, 1975) , discrepancies in ACTH concentrations required to elicit steroidogenesis and cyclic AMP accumulation (Carchman ef al., 197 I), and steroidogenic analogues of ACTH which also show lower ability to stimulate adenylate cyclase (Moyle et al., 1973) . One possible explanation for these results is the existence of an alternate, cyclic AMP-independent, mechanism, and we have recently provided evidence to support this theory (Bristow ef al., 1980). ACTH,-,, is a full agonist of the naturally occurring peptide ACTH the ED,, values for steroidogenesis being approx. 0 . 5 n~ for ACTH,-3, and lOnM for ACTH,-,,. It was noted, however, that whereas aCTH,-,, caused insignificant increases in cyclic AMP accumulation at all steroidogenic concentrations, concentrations of ACTH,-,, required to elicit cyclic AMP accumulation were much higher than those required for steroidogenesis; indeed, maximal steroidogenesis could be achieved with no significant increase in cyclic AMP accumulation. This suggests that the role of cyclic AMP in mediating the action of these two agonists may be different.
* Abbreviations: ACTH, corticotropin; ACTH,_,,, corticotropin-(I-39)-peptide, ACTH,_,,, corticotropin-(5-24)-peptide; ACTH,-,,, corticotropin-(6-24)-peptide; ACTH,-,,, corticotropin-(7-38)-peptide; SDS, sodium dodecyl sulphate.
Further understanding of those results that have cast doubt on the obligatory role of cyclic AMP will also be gained by an elucidation of the metabolic process by which cyclic AMPdependent steroidogenesis is mediated. Cyclic AMP-dependent protein phosphorylation is an important regulatory system in metabolism, and has been implicated in steroidogenesis in Y -1 adrenocortical cells (Rae et al., 1979) , and in acutely dispersed rat adrenal cells (Podesta et al., 1979) , where both ACTH and cyclic AMP induce the phosphorylation of an endogenous cytoplasmic protein.
Recently it has been recognised that rapid phosphorylation of membrane proteins, particularly in brain tissue, might represent an important cyclic nucleotide-dependent regulatory mechanism (Rodnight, 1978) , and in view of the rapid (<24s) induction by ACTH of both cyclic AMP production and steroidogenesis (Schulster & Jenner, 1975) it is possible that rapid cyclic AMP-dependent phosphorylation at the level of the cell membrane is a key event. Plasma-membrane-enriched fraction of bovine adrenal cortex retains adenylate cyclase activity, which can be regulated by ACTH and guanine nucleotides (Glynn et al., 1978) . When these membranes were incubated in the presence of I y-"PIATP, phosphorylation, as measured by radioautography of dried SDS/polyacrylamide-gel electrophoretograms, of a number of endogenous membrane proteins was seen (Fig. I) . Incubation periods between 2 s and 30s have been studied, and even after 2 s significant phosphorylation was still observed (results not shown). The basal extent of phosphorylation ( Fig. la) was significantly modified by the addition of cyclic AMP (Figs. le and 2) in a 30s incubation, phosphorylation of bands marked 1 and 3 (Fig. l) , corresponding to mol.wts. of 191000 and 65000, being clearly stimulated by cyclic AMP. Cyclic AMP-dependent phosphorylation of bands 2, 4 and 5 ( Fig. 1) was also seen after shorter incubations (10s; results not shown).
The dose-dependency on cyclic AMP is shown in Fig. 2 . The median effective dose approx. 2pM, with no significant phosphorylation at 0.1 p~. Adrenal membranes usually showed 2-5-fold stimulation of phosphorylation with 5Op~-cyclic AMP (10 s incubation), although the most active preparations have shown 8-I0-fold stimulation.
Basal phosphorylation may also be modified by endogenous cyclic AMP production. Significant increase in cyclase activity (in 30s) was only achieved by ACTH and GTP together, neither on its own being sufficient (Fig. l) , and indeed, neither ACTH (Fig. lb) nor GTP ( Fig. lc) alone had any effect on phosphorylation within 30 s. Together, however, increased phosphorylation of bands 1 and 3 was observed (Fig. Id) , without the inhibition of band-4 phosphorylation which was seen with exogenous cyclic AMP.
It can be seen that ACTH/GTP stimulated phosphorylation was mediated by only a very slight rise in endogenous cyclic AMP concentration (Fig. I) , the concentration changing from 2 5 . 4 n~ in the basal incubation to 3 5 . 4 n~ in the ACTH/ GTP-stimulated incubation, and furthermore that this is significantly lower than the concentration of exogenously added cyclic AMP required to stimulate phosphorylation, which was between 100 and l00OnM ( Fig. 2) . This observation suggests that the endogenous cyclic AMP acts at, or near, its site of Incubations (80.~1 total volume) were commenced by the addition of the membranes, maintained with vigorous shaking for 30s at 37°C and terminated by the addition of 20pl of an SDS/mercaptoethanol stopping solution. SDS/polyacrylamidegel electrophoresis was performed on 10% slab gels, which were deed under vacuum and exposed to X-ray film for 1 week. Densitometric scans of autoradiograms were then carried out, with a Unicam SP.8-100 spectrophotometer. To measure cyclic AMP, duplicate incubations were performed without the radiolabelled ATP, and the incubations were terminated by the addition of 20pl of 25% (v/v) trichloroacetic acid. Cyclic AMP was then assayed by competitive binding assay. Membrane proteins were labelled, in the presence of different concentrations of cyclic AMP, as described in Fig. 1 , except that the incubation was for 10s. The degree of phosphorylation was estimated by integration of the total peak area of the densitometric scan.
production, so that the local concentration is higher than the observed overall concentration, implying that there is a degree of contiguity of the cyclic AMP-dependent protein kinase and its protein substrate(s) with the ACTH-receptor-GTPase-adenylate cyclase complex. The physiological role of phosphorylation of membrane proteins, or indeed of other membrane components such as phospholipids, cannot be certain until it has been studied in intact cells, and observed effects have been correlated with steroidogenesis. One may speculate, however, that rapid ACTH-dependent phosphorylation of membrane components may provide a mechanism for the hormonal control of calcium 'gates', which are known to be intimately concerned with the steroidogenic process (Podesta et al., 1980) . It is also possible that the discovery of factors that control membrane protein phosphorylation in a cyclic AMP-independent manner might provide insight into the alternate cyclic AMP-independent mechanism of steroidogenesis.
We are grateful to Professor R. Rodnight for much valuable help and discussion, and to the Wellcome Trust for financial support. The structural requirements of a peptide for the stimulation of a target cell (and the conclusions about the complementary read-out devices of the receptors) are established by extensive structure-activity studies. To this end we have synthesized a number of hormone analogues and fragments and tested them in a frog melanophore system (for melanosome dispersion) and a mouse melanoma-cell system (for tyrosinase stimulation). In another approach, the importance of an easily accessible N-or C-terminus of a-MSH to the surface of the target cell was examined by attaching the hormone to proteins through different linkages. In a third approach, MSH containing photoaffinity labels was covalently inserted into receptors by U.V. irradiation. This led to an irreversible stimulation of the target cells. and thus receptor turnover and degradation could be investigated. Other approaches, such as receptor localization and isolation. are currently being developed. There is ample evidence that the primary site of action of MSH is a cell-surface receptor (Horowitz et a/.. 1980; Eberle, 1980) which can be triggered by either of the two message sequences of MSH. the central (-Glu-His-Phe-Arg-Trp-) or the C-terminal sequence (-Gly-Lys-Pro-Val-NH,) (Eberle & Schwyzer, 1976) . The N-terminal part of the molecule, devoid of melanotropic activity. potentiates the two individual or covalently combined message sequences. This subdivision of the MSH molecule into different functional portions was confirmed in principle with melanoma-cell receptors (Eberle p i a/.. 1979) .
Structural requiret~tentsfor the C-terminal message sequence of
In the sequence part (1-10) of (I-MSH, the importance of various residues for the recognition by melanophore and melanoma-cell receptors was examined with a number of synthetic analogues (see, e.g.. Eberle & Hubscher, 1979; Sawyer el a/.. 1979). From these studies it appears that both types of receptor recognize the N-terminal part of the hormone in much the same way. One major difference, however, has been found with respect to position 9 of a-MSH. the side-chain of which is much less essential for the stimulation of Rana melanophores than for the tyrosinase activation in melanoma cells (Eberle & Schwyzer, 1'17'1). Recently, these studies were extended to the C-terminus of a-MSH. Table 1 lists the biological activities of 15 analogues with modifications or deletions in positions I I , 12 and 13. For each individual derivative, the differences of the values obtained with the two assay systems are marginal, suggesting an almost identical recognition pattern of this part of the hormone molecule by the two receptor types. Furthermore. the results show that an alteration of lysine-1 I (deletion of the basic amino group or of the whole side-chain) and of proline-I2 (opening of the ring structure) causes a dramatic loss in biological activity. On the other hand, valine-13 may be replaced by a much wider variety of residues without seriously affecting the activity. This indicates that the C-terminal message sequence of a-MSH must consist of a basic side-chain at position I I and a conformationstabilizing element at position 12. The presence of a residue at position 13 is essential: the nature of its side-chain, however, is much less important.
Covalent a-MSH-protein conjugates
Proteins to which peptide hormones are covalently attached by a specific chemical reaction are useful carriers for receptor studies. There is a wide range of application for such complexes, such as the possibility of coupling a large number of marker groups to the carrier without harming the peptide (Di Pasquale el a/., 1978) or of comparing the behaviour of peptide fragments with that of the whole hormone (Eberle et a/., 1977) .
a-MSH was coupled to thiol-containing human serum albumin, thyroglobulin and tobacco mosaic virus, yielding complexes with about 5, 50 or 300 hormone molecules per carrier respectively, with well exposed N-or C-terminus (Fig. I) . The experiments with the melanophore and the melanoma-cell
